Introduction
Single element semiconductors, such as silicon and germanium, have been used in a variety of electronic applications. On the other hand, the need for their understanding has contributed significantly to the development of solid state physics. As a result, their band structure, electronic structure and optical properties are well understood. Methods to calculate these and other properties from first principles exist. [1] [2] [3] Likewise, single element semiconductor surfaces have been widely investigated in ultrahigh vacuum (UHV), leading to detailed knowledge of surface phases. [4] [5] [6] For surfaces in UHV, experimental results are underpinned by first principles calculations. The consequent next step must be a detailed understanding of electrochemical semiconductor/electrolyte interfaces, for which much fewer experimental techniques exist. For instance, scanning tunneling microscopy (STM) can contribute significantly to understanding. [7] [8] [9] Other than STM, vibrational spectroscopy can give a significant amount of information on the molecular structure at solid/liquid interfaces. 10, 11 On silicon as the working horse of solid state physics, 12, 13 however, often the formation of an amorphous oxide in contact with aqueous solution and the rather negative reduction potential complicate data collection or interpretation for most experimental methods.
On the other hand, germanium surfaces possess an interesting feature: in acidic solution, they undergo a transformation from -OH termination at more positive potentials to -H termination at negative potentials. [14] [15] [16] The surface transformation on germanium was investigated initially electrochemically. 15, 16 Later, attenuated total internal reflection infrared (ATR-IR) spectroscopy was used in combination with electrochemistry to study this surface transformation under acidic conditions 14, 17 for both Ge(111) and Ge(100) surfaces. The formation of GeH and GeH 2 was reported during the surface transformation process and both Ge(100) and Ge(111) surfaces were found to be atomically rough due to the formation of (111) microfacets. However, no information regarding the formation of different surface intermediates of Ge during surface transformation was reported. Electrochemical quartz crystal microbalance results also showed a quasireversible change between a hydrogenated state of the Ge surface and a hydroxylated state. 18 During the surface transformation of germanium, a surface radical was proposed as an intermediate. Surface radicals were also proposed to be formed during H 2 O 2 reduction and hydrogen evolution reaction (HER). [14] [15] [16] These radicals are also assumed to play an important role during the oxygen reduction reaction (ORR) on germanium, which was observed at potentials negative to the surface transformation in acidic solution. 19 On the other hand, in alkaline solution, the ORR is observed at potentials positive from the surface transformation. 20 It is known that the surface transformation results in a surface terminated with Ge-H bonds at negative potentials. However, details of the surface reconstruction, and possible intermediates in its formation, are not known. In this work, polarised ATR-IR spectroscopy was used to study the surface transformation on n-doped Ge(100) and Ge(111) in Ar-saturated 0.1 M HClO 4 .
2 Experimental section 2.1 Materials 0.1 M HClO 4 (Sigma-Aldrich) was used as the electrolyte for this study. Ultrapure water was used in the preparation of all the aqueous electrolytes. Double sided polished n-doped Ge(100) and Ge(111) surfaces [resistivity 10-40 O cm; root mean square (rms) roughness r10 Å; Universitywafers.com, Boston, MA, USA] were used as working electrodes and internal reflection elements.
Electrochemical ATR-IR spectroscopy
Standard ATR-IR spectroscopy with polarised light was used, 10, 11, 21, 22 in a custom-designed IR cell. 19, 20 The IR cell was placed on the optical base of a multiple reflection mirror unit (SpectraTech Model 0001-100, SpectraTech, Stamford, CT, USA) inside the sample chamber of a commercial Fourier transform IR spectrometer Biorad FTS3000 (Varian, Palo Alto, CA, USA). IR spectra were recorded using a mercury cadmium telluride (MCT) detector cooled with liquid nitrogen in s-and p-polarisations. The spectral resolution was set to 4 cm
À1
. The results are displayed as the absorbance at a certain potential, for the calculation of which the single channel spectrum R sample at that potential was divided by a reference spectrum (R ref ), A ¼ À log 10 R sample R ref . Spectra were offset against each other in the plots for clarity. Ar saturated 0.1 M HClO 4 solution was purged from a three neck flask into the IR cell with the help of a peristaltic pump (REGLO Digital, Ismatec). Circulation of the solution with the help of the pump created a laminar flow between the liquid inlet and outlet of the cell. The gas volume above the electrolyte in the IR cell was also continuously purged with Ar during IR experiments. A potentiostat/galvanostat Iviumstat XR (Ivium, Eindhoven, The Netherlands) was used to control the electrode potentials. A platinum coil (Goodfellow, Huntingdon, UK) was used as a counter electrode and an Ag/AgCl (3 M KCl) micro reference electrode (Microelectrodes Inc., Bedford, NH, USA) was used as a reference electrode. Before each set of electrochemical IR experiments, cyclic voltammograms (CVs) were recorded from 0.21 V to À0.9 V (10 cycles) to clean the surface and to determine the exact potential window of the surface transformation in the respective experiment. Then, IR spectra were recorded at controlled potential using chronoamperometry mode. The results of electrochemical experiments display the current density j. All electrode potentials E in this work are reported with reference to the standard hydrogen electrode (SHE).
ATR-IR spectra are displayed as difference spectra with respect to a reference measurement at the initial potential, which is 0.21 V unless otherwise noted. Typically, the spectra were collected at 100 mV potential intervals, if not specified otherwise. A potential window from 0.21 V to À0.79 V was chosen for the electrochemical measurements. At each potential, 10 IR spectra were collected, each spectrum after co-adding 100 scans to study the evolution of the spectra at one potential. These 10 spectra at a constant potential were co-added to get one average IR spectrum at that potential.
For peak fitting at different potentials, the spectral range between 2100-1900 cm À1 was selected and baseline corrected.
Two points were put at the beginning and at the end of the peak to define the baseline without doing any modification in the region with a peak. The peaks observed in the range of interest during the surface transformation were fitted using OriginLab Origin software by a sum of Gaussian functions. Different starting parameters were tried for the peak positions, within a reasonable interval. Results were accepted only if they were independent of the starting peak positions. No parameter was fixed during Gaussian deconvolution of different peaks. ATR-IR experiments with both p-and s-polarisations were used. From the dichroic ratio D = A p /A s , the orientation of the transition dipole moments (TDMs) of different species with respect to the surface normal was estimated. 10, 11, 21, 23, 24 Here, A p denotes integrated absorbance with p-polarisation, and A s denotes integrated absorbance with s-polarisation. The orientational order parameter N 2 was determined from the experimental
. All calculations have been performed in the thin film approximation. 23 For the calculation of the I 0i (squared amplitudes of the electric field components at the interface), the refractive index of the thin absorbing film was assumed to be equal to that of the medium water. 25 N 2 is related to the angle y between the TDM and surface normal as
In polarised ATR-IR spectroscopy, the surface concentration of the adsorbed species is not directly proportional to the integrated absorbances (A s and A p ), due to the effect of orientation, and different from transmission spectroscopy. This problem can be solved by analysing both A s and A p , which were used to determine the surface concentration of adsorbed lipid bilayers. 26 Because in this work the required absorption coefficient of the Ge-H modes cannot easily be obtained, an equivalent isotropic absorbance A iso was calculated as
. 19 A iso is proportional to the surface concentration only and independent of orientation.
Post-mortem surface analysis
The surface morphologies of the Ge surfaces before and after the electrochemical experiments were studied by atomic force microscopy (AFM; Dimension 3100, Model D3100S-1). For the analysis of the AFM images of this work, the WSxM software was used. 3 Results . At À0.29 V, the first IR peak was observed at 2030 cm
À1
. With increasingly negative potentials, the absorbance increased and the peak shifted to lower wavenumbers by B25 cm À1 . (The residual features of uncompensated water vapour are also visible in the spectra. As these features are sharp, they can be easily recognised.) When moving towards positive potentials, no corresponding peak shift was observed, though the absorbance of the peaks decreased at À0.09 V compared to À0.79 V. During the onset of the surface transformation, i.e. around À0.29 V, the full width at half maximum (FWHM) of the IR band was 59 cm À1 on Ge(100) and 56 cm À1 on Ge(111). At more negative potentials, e.g. around À0.79 V (Fig. 2) , the FWHM with both p-and s-polarisation was 55 cm À1 for Ge(100), while it was 51 cm À1 with p-and 47 cm À1 with s-polarisation on Ge(111). FWHM values show that the IR bands on Ge(100) were slightly broader compared to Ge(111), but the difference may not be significant. For Ge(100) surfaces, p-and s-polarised spectra were observed with similar absorbances, whereas for Ge(111), p-polarised spectra showed B3 times the absorbance of s-polarised spectra. The observed peaks in p-and s-polarisations are compiled for Ge(100) and Ge(111) surfaces in Fig. 2 . During negative potential scans at À0.29 V, one mode was observed centred at B2025-2030 cm À1 ( ) in p-and s-polarisations on both Ge(100) and Ge(111) surfaces. From À0.39 V onward and shown for the example of À0.79 V, the peak became asymmetric, and Gaussian fitting was used to deconvolute the peak into different fractions, one centred at B2000-2015 cm À1 ( ) and the second at B1977-1990 cm À1 ( ), in both s-and p-polarisations on both Ge(100) and Ge(111) surfaces. A deeper analysis of the peaks at three characteristic potentials is presented in Table 1 . The overall evolution of different components with potential is shown in Fig. 3 . There is mostly a larger A iso (and hence, surface concentration) at lower potentials. In order to better resolve the peak shift observed around the onset of the surface transformation while moving to more negative potentials, a set of ATR-IR experiments was carried out with 25 mV steps from 0.21 V to À0.39 V. Fig. 4 shows the resulting spectra for Ge(100) and Ge(111) surfaces. Here, at each potential, 5 spectra were averaged for each measurement, consisting of 100 scans each. Fig. 4 shows that an absorption at 2030 cm À1 started to evolve at À0.29 V in a similar manner as shown in Fig. 1 though it is much less prominent compared to Fig. 1 . The observed peak shifted to lower wavenumber between À0.29 V and À0.39 V. When moving in the direction of positive potentials, the peak maximum initially at 1970 cm À1 (À0.39 V) shifted to 2000 cm À1 (À0.09 V), a shift that is not visible with the large potential steps used to record the spectra displayed in Fig. 1 . Additional information which aids assignment can be obtained by analysing the linear dichroism of the different bands. The results for TDM estimations are shown in Fig. 5 . On Ge(100), the TDM of the peak centred at B2000-2015 cm À1 ( ) was oriented parallel to the surface. The TDM of the main peak around B1977-1990 cm À1 ( ) had a slightly lower tilt angle, however, the TDM was almost parallel to the surface and was still above the angle of 54.71. On Ge(111), the tilt angles were lower, around the angle of 54.71, and for some samples below, i.e. the TDM is oriented more upright than parallel. No significant potential dependence was observed. Finally, AFM images taken before and after surface transformation experiments on both Ge surfaces showed morphological changes (Fig. 6) . The rms roughness of Ge(100) before and after surface transformation experiments was found to be 0.22 nm and 0.88 nm, respectively. Similarly, for the Ge(111) surface, the rms roughness before and after surface transformation was 0.25 nm and 0.41 nm, respectively. AFM images of both Ge surfaces showed that surface roughness increased after polarising cathodically. Cathodic polarisation is needed to study the surface transformation. The surface roughness of Ge(100) increased more than that of Ge(111). Table 2 summarises the reported results of the Ge-H stretching modes in the vibrational spectra of H-terminated Ge surfaces. 14, 17 At negative potentials, two absorption peaks observed at 1990 cm À1 and 2015 cm À1 were assigned to stretching modes from GeH and GeH 2 groups, respectively. 17 This assignment was based on the data gathered under vacuum conditions, 28 and agrees with the results from force field calculations. 29 To describe the full series of spectra completely and assign the different peaks observed on both Ge surfaces, at least three different components are required, centred around B2025-2030 cm À1 ( ), B2000-2015 cm À1 ( ) and B1977-1990 cm À1 ( ), with minor differences in maxima between Ge(100) and Ge(111) surfaces (see above). In this work, peaks will be assigned to a Ge-H View Article Online stretching mode of a surface with mixed H/OH termination ( ), the Ge-H stretching modes of GeH 2 groups on Ge(100) facets ( ) and the Ge-H stretching mode of GeH 1 groups on Ge(111) facets ( ), respectively. The reasoning for this assignment will be given in the following paragraphs. In the course of the discussion, reference will also be made to a number of studies on the vibrational spectra of H-terminated silicon, [34] [35] [36] [37] [38] [39] [40] [41] which was studied more widely and in more detail than germanium. At the most negative potentials, the surface is supposed to be H-terminated to the maximum extent possible. On an unreconstructed Ge(111) surface, GeH 1 groups are expected to dominate, with an TDM perpendicular to the surface (Table 2) . On an unreconstructed Ge(100) surface, GeH 2 are supposed to dominate, which should show two modes, a symmetric and an antisymmetric stretching mode, with TDMs perpendicular to each other (Table 2 ), in analogy to the situation for SiH 2 groups.
Discussion

37,39
The observations (Table 1 and Fig. 2) showed that very similar components are observed on both Ge(111) and Ge(100) surfaces at negative potentials. Also the spectra of Ge(111) showed more than one component at negative potentials. The observed differences, which were also detected between different polarisations in the order of 10 cm À1 may be interpreted as due to the different surface species on the different surfaces. However, fitting the positions of multiple peaks is prone to correlations in the peak position, and hence the authors prefer the simpler explanation of the same surface species on both surfaces. (This should not rule out the presence of other species on the surface that affect the peak position, which cannot be resolved in this work.) The observed tilt angles (Fig. 5) were always on the higher tilt angle side than expected, which is a result of measured dichroic ratios which are likely too low. The dichroic ratios closer to 1 are in general less affected by polariser misalignment and polariser inefficiency. 24 Without interpreting the quantitative data in detail, the fact remains that on Ge(111), the TDMs of the observed modes were more upright (less than 54.71), while on Ge(100), the TDMs were parallel to the surface (larger than 54.71) -partly in line with expectations. A hysteresis is observed in Fig. 3 for the surface concentration (A iso ) and in Fig. 5 (orientation) for different absorptions. Consequently, the surface transformation process on germanium is not fully reversible. The transformation may be kinetically hindered, or a certain overpotential is required to trigger the surface transformation to detectable rates. The AFM images showed that the surfaces are not atomically flat. Roughness shifts TDM orientation towards random orientation (B54.71), which is presumably the reason why on Ge(111), no strong orientation was observed. On a real, predominantly Ge(111) surface, Ge(100) facets are expected to be present in regions where several atomic layer deep trenches are present. These regions are the explanation put forward here for the presence of GeH 2 modes on a Ge(111) surface. Likewise, GeH 2 groups are expected to be present near step edges. Compared to Ge(100), the Ge(111) experiments showed that the presence of the peak, assigned here to GeH 2 groups typically associated with Ge(100) surfaces, were less prominent on Ge(111) than on Ge(100) -in line with expectations. The interpretation of as associated with GeH 1 stretching modes is in line with literature interpretation (see Table 2 ).
28,29 Typically, for C-H stretching modes, 42 Si-H modes, 29, 37, 39, 40 and Ge-H modes, 29 the stretching modes involving fewer numbers of H atoms are observed at the lowest wavenumber, which is also in line with this interpretation. On unreconstructed, defect-poor Si(111), it was possible to observe a single vibrational mode with the appropriate orientation. 34 The spectra were more complicated for surfaces with a number of defects, e.g. generated by etching. 36 Peak dominated the spectra of Ge(100) surfaces at negative potentials, and is interpreted as related to modes involving two hydrogen atoms (GeH 2 ). It remains an open question as to why only one peak (rather than 2 peaks for the expected symmetric and antisymmetric modes) was observed. Observation of only one peak is, however, in line with literature data (Table 2) . It has been observed previously that the symmetric and antisymmetric stretching modes of SiH 2 and GeH 2 groups are very close in wavenumber, 29, 37, 39 so that they cannot be distinguished within the peak width observed here. Because antisymmetric modes are more intense in IR absorption spectroscopy (opposing the trend in Raman spectroscopy), the observed TDMs were mostly oriented parallel to the Ge(100) surface (Fig. 5 ) (in a similar manner to that on Si). 37, 39 Intensity differences are expected to be stronger here than well-known for organic molecules, because of the different electronegativities of Ge and C. This difference in TDM magnitude is used to explain the observed TDM orientation. The wavenumber of the peak observed in this work (2000-2015 cm
À1
) was slightly lower than that reported in the literature for Ge(100) surfaces (B2020 cm À1 ; Table 2 ). The reason for this difference may be that indeed Ge(100) surfaces reconstruct differently in different media. One possible reconstruction involves the formation of surface dimers of type H-Ge-Ge-H, as shown schematically in Table 2 . Dimers of this kind have been found on reconstructed Si(100). 4, 9, 43 For these surface dimers, similar symmetric and antisymmetric modes are expected to the unreconstructed surface. It is possible that in diluted electrolytes such as those used here, no reconstruction is observed, while under UHV conditions Ge(100) reconstructs heavily. The opposite may equally well be true; the two alternatives cannot be distinguished without detailed experiments on the atomic scale, e.g. by STM. Some literature assignments show GeH 3 modes at rather high wavenumbers (B2060 cm À1 ; Table 2 ). These were not observed here. GeH 3 groups can only occur at kink sites, and should only be present as a minor component. They may simply have been present in too low concentration to be detected in the in situ experiments conducted here. Absorption observed at B2025-2030 cm À1 at À0.29 V for both Ge surfaces indicates the formation of a transient species during surface transformation. Considering barely the reported experimental data (Table 2) , GeH 2 and GeH 3 groups may be candidates for the origin of this peak. 28 On the other hand, both species are more likely the final products observed on a fully hydrogen terminated surface than the intermediates formed in an initial step of surface transformation. Experimentally, there was no evidence for the presence of a Ge-H surface termination at potentials more positive than À0.29 V. Two possibilities exist for the surface termination before the surface transformation. The surface may either be ''plain'', i.e. have no specific termination, or may be -OH terminated, i.e. dangling bonds are saturated by -OH groups. At the positive potentials used here, surface oxidation is already observed in the CVs, so that here an -OH-covered surface is likely to be present. A transition from an -OH terminated to a nonterminated surface should be visible in the CVs as an additional peak, because the surface capacitance changes. As no additional peak was observed, it is likely that the surface was -OH terminated at potentials more positive than À0.29 V for both Ge surfaces. When attempting to draw a fully -OH covered surface, the authors realised that a complete -OH termination of Ge(100) is sterically rather demanding (see Fig. 7 , which is a summary of the various structures obtained from the ATR-IR spectra). Therefore, the surface may either have been partially -OH terminated, or must be some form of reconstruct. The obvious intermediate to suggest for a transition of an OH-terminated surface to an H-terminated surface is a mixed termination, with structural elements of type H-Ge-OH. One alternative of a mixed termination on a reconstructed surface is the structural element H-Ge-Ge-OH. Both are shown in Table 2 . The peak in this work is interpreted as originating from one of the mixed terminations on Ge(100). In line with the interpretation, for Si(100), the Si-H stretching mode of H-Si-OH is in between the Si-H modes of SiH 2 and SiH 3 groups. 35, 40 In particular, on Si(100)2 Â 1 with the dimer structural element H-Si-Si-H, initial oxidation to H-Si-Si-OH also leads to a species with a vibrational mode with a wavenumber slightly higher than that of SiH 2 groups. 38, 40 Overall, the detailed analysis available for silicon also shows that more reconstructions may play a role which have not been considered here. 39 On Ge(111), such a simple mixed termination is not possible. However, as reasoned above, the non-ideal Ge(111) surfaces here should contain Ge(100) facets. The transient mixed termination is only observed on the Ge(100) facets on Ge(111). The facets of the respective other fundamental surfaces, i.e. Ge(111) facets on Ge(100) and Ge(100) facets on Ge(111), must typically be oriented almost perpendicular to the main surface orientation, i.e. Ge(100) or Ge(111), respectively. Hence, the observed TDM orientations must be approximately perpendicular to the orientation for the fundamental surfaces, i.e. the Ge-H stretching modes from Ge(111) facets on Ge(100) are expected to have a TDM oriented parallel to the Ge(100) surface, and vice versa. To rephrase this statement, the expectations of TDM orientations listed in Table 2 must be reversed on the defect facets. This expectation agreed to some extent with the observations here.
The investigation of the time evolution of the absorption peaks at a constant potential (Fig. 4) showed no transformation from a mixed termination to a pure H-termination or vice versa. Transformations between species with different peak wavenumbers occurred only with a potential jump. Nevertheless, the potential window in which this mixed termination was observed was narrow, B100 mV.
Equipped with the above assignment, it is interesting to discuss the differences in surface transformation between Ge(111) and Ge(100). Basically, Ge(111) starts to transform earlier than Ge(100). However, the potential range in which the surfaces are fully H-covered are equal for both surfaces, which means that both surfaces have approximately the same stability range. As the peak was assigned to a mixed termination on Ge(100), this data may indicate that the overall atomistic picture of these surfaces must be more involved. The difference in the starting potential may either indicate the involvement of a different surface reconstruction on both surfaces, or a different role of different defects, kink sites, or step edges, in the different crystals. Fig. 7 presents an overview of the structures inferred from the ATR-IR spectra. During negative potential scans, the Ge surface started to form a transient species involving a mixed termination with H and OH groups at À0.29 V, which is absorbed at B2025-2030 cm
Summary and conclusions
À1
. At strongly negative potentials (À0.79 V), the observed spectra are consistent with Ge(111) surfaces being covered by GeH 1 (B1977-1990 cm
) and Ge(100) by GeH 2 species (B2000-2015 cm
). The electrochemical ATR-IR characterisation of the Fig. 7 Summary of the structural elements observed during and after the surface transformation of (a) Ge(100) and (b) Ge(111) to full hydrogen termination.
Ge surface transformation presents a more detailed picture compared to previous findings. 14, 17, 28 In the discussion in this work, atypical surface reconstructions were not taken into account. A construction of a detailed surface structure from vibrational spectra alone is rather demanding. The picture discussed here is consistent to a large extent with the data presented. It is furthermore the simplest consistent picture. However, more complicated structures may be involved in and present after the surface transformation.
